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Abstract
Multi-scale simulations, combining muscle and joint contact force (JCF) from musculoskele-
tal simulations with adaptive mechanobiological finite element analysis, allow to estimate
musculoskeletal loading and predict femoral growth in children. Generic linearly scaled mus-
culoskeletal models are commonly used. This approach, however, neglects subject- and
age-specific musculoskeletal geometry, e.g. femoral neck-shaft angle (NSA) and antever-
sion angle (AVA). This study aimed to evaluate the impact of proximal femoral geometry,
i.e. altered NSA and AVA, on hip JCF and femoral growth simulations. Musculoskeletal
models with NSA ranging from 120˚ to 150˚ and AVA ranging from 20˚ to 50˚ were created
and used to calculate muscle and hip JCF based on the gait analysis data of a typically
developing child. A finite element model of a paediatric femur was created from magnetic
resonance images. The finite element model was morphed to the geometries of the different
musculoskeletal models and used for mechanobiological finite element analysis to predict
femoral growth trends. Our findings showed that hip JCF increase with increasing NSA and
AVA. Furthermore, the orientation of the hip JCF followed the orientation of the femoral
neck axis. Consequently, the osteogenic index, which is a function of cartilage stresses and
defines the growth rate, barely changed with altered NSA and AVA. Nevertheless, growth
predictions were sensitive to the femoral geometry due to changes in the predicted growth
directions. Altered NSA had a bigger impact on the growth results than altered AVA. Growth
simulations based on mechanobiological principles were in agreement with reported
changes in paediatric populations.
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Introduction
Musculoskeletal simulations have been used to examine musculoskeletal loading in paediatric
and pathological populations [1–3]. Typically generic musculoskeletal models developed from
cadaveric data of an adult are scaled to the anthropometry of the child [4–6]. This procedure
neglects subject-specific musculoskeletal geometry, e.g., subject and age-specific femoral neck-
shaft angle and anteversion angle [7]. To overcome these limitations, patient-specific musculo-
skeletal models can be generated from medical images of the participants [8–11]. A small num-
ber of studies have compared generic scaled with medical imaging-based models. These
studies reported differences in muscle moment arms [12,13], hip joint contact force orienta-
tion [14] and joint kinematics [11] between both modelling approaches.
A multi-scale modelling approach, combining muscle and joint contact force estimates
from musculoskeletal simulations with adaptive mechanobiological finite element (FE) analy-
sis, can be used to predict femoral growth trends [15–17]. Carriero et al. [15] found a decrease
in neck-shaft angle (NSA) and slight increase in anteversion angle (AVA) when modelling
femoral growth in one typically developing child. Their study, however, included a musculo-
skeletal model and adaptive finite element model based on a generic adult model and, there-
fore, did not consider age- or subject-specific musculoskeletal geometry. Yadav et al. [16]
simulated femoral growth in one typically developing child and found a decrease in NSA and
AVA when using a FE model based on medical images of the child.
Multi-scale mechanobiological femoral growth simulations have so far only been applied to
small samples (n = 1–4) [15–17]. To investigate clinically relevant questions, e.g., if early clini-
cal intervention can be used to avoid the development of femoral deformities in children with
cerebral palsy, it is essential to include a larger sample size. In a clinical context, collecting the
necessary data (e.g., magnetic resonance images) and generating fully subject-specific models
for the femoral growth simulations is rarely possible due to the lack of resources (i.e., time,
money, knowledge, limited attention span and tolerance of children). Modifying a generic
musculoskeletal and FE model based on average age-specific NSA and AVA would allow
model creation and growth simulation execution in a time and cost-efficient manner. How-
ever, before this workflow can be used to investigate clinically relevant questions, it is essential
to know if the multi-scale modelling workflow and calculated bone growth are sensitive to the
musculoskeletal geometry, i.e., for different NSA and AVA.
Previous research showed that subject-specific geometry changes the hip joint contact force
orientation [14]. However, no previous studies investigated the impact of femoral geometry on
hip joint contact forces (which have the biggest impact on proximal femoral growth simula-
tions [18]) and femoral growth simulations in a systematic way. Hence, the aim of this study
was to create musculoskeletal and FE models with a variety of NSA and AVA to evaluate the
impact of femoral geometry on hip joint contact force estimations and proximal femoral
growth simulations. Based on previous research [19,20], we hypothesized that increased
NSA and AVA would lead to increased hip joint contact forces. Furthermore, based on the
assumption that musculoskeletal geometry would adapt under aberrant loading conditions,




Motion capture data of one typically developing child (TD01, 9 years old, weight: 30.4 kg,
height: 1.39 m) was analysed for this study. A reference FE model was created based on
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magnetic resonance images (MRI) collected from a typically developing child (TD02, 8 years
old, weight: 20.4 kg, height: 1.24 m, right NSA: 127˚, right AVA: 27˚). A parent of each child
signed informed consent and ethical approval was obtained from the local ethics committee
(S57749, Ethical commission UZ/KU Leuven, Belgium).
Motion capture
The Vicon Plug-in-Gait lower limb marker set [21] with additional three marker clusters on
the thighs and shanks and additional six markers on the torso (clavicular, sternum, C7, T10,
left and right shoulder) were placed on the child. Marker trajectories and ground reaction
forces of one static and several walking trials at a self-selected walking speed were collected
with an eight camera motion capture system (Vicon Motion Systems, Oxford, UK) and two
force plates (AMTI, Watertown, MA, USA). Vicon Nexus (Vicon Motion Systems, Oxford,
UK) was used to label and filter marker trajectories and filter force plate data, with filters being
a Butterworth 4th order zero-lag dual-pass, low pass filter with a cut-off frequency of 6 Hz.
MRI acquisition
MRI were collected using 1.5 T magnetic resonance scanner (MAGNETOM Avanto, Siemens,
Berlin/Munic, Germany). A full lower-body scan from the level of above illiac crests to below
the toes were obtained in a supine position. The MRI sequence (3D PD SPACE sequence) uti-
lised a slice thickness of 1.1 mm, slice increments of 1.1 mm and a voxel size of 0.8x0.8x1.0
mm [10].
Musculoskeletal models and simulations
A generic musculoskeletal SIMM (Motion Analysis Corp., Santa Rosa, CA) model [22] with 19
degrees of freedom (DoF) and 88 muscles was scaled to the anthropometry of the child based
on the marker locations from the static trial [23]. In this model, the pelvis included six DoF,
the hip and pelvis-torso joint included three rotational DoF, and the knee and ankle joint
included one DoF in the sagittal plane. After the scaled model was created, the deform tool in
SIMM [24,20] was used to create seven models with varying NSA and AVA (Table 1). The
deform tool changed the vertices of the femur based on pre-defined boxes to match the chosen
NSA and AVA. This procedure alters all the muscle origin and insertion points within the
boxes. A detailed description of the deform tool was published previously [24,25].
During typical growth, the NSA decreases from approximately 150˚ at birth to 120˚ at skele-
tal maturity and the AVA decreases from approximately 50˚ to 20˚ [7,26,27]. In many children
Table 1. Neck-shaft angle and anteversion angle of the seven musculoskeletal model.








�reference values for an average adult femoral geometry. The NSA-120-AVA-20 model was used as a reference model
for all comparisons (explained in the data analysis section).
https://doi.org/10.1371/journal.pone.0235966.t001
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with cerebral palsy the NSA and AVA decreases 10˚ to 20˚ less compared to typically develop-
ing children [7]. Hence, the created models include a wide range of NSA and AVA, including
values from normal adults, typically developing children and children with pathological femo-
ral geometries. The deform tool modified muscle origin and insertion points and, therefore,
altered muscle lengths and paths in the models. A Matlab script was used to convert the seven
models to an OpenSim model format. Maximum isometric muscle force (MIMF) of the
generic model was scaled to the subject’s body weight and multiplied by a scale factor of 1.5 to
obtain realistic muscle activations using a customized Matlab script [28,29].
OpenSim 3.3 [4] was used to calculate joint angles, joint moments, muscle and joint contact
forces (JCF). Joint angles and moments were calculated using the Kalman smoothing algo-
rithm [30] and inverse dynamics, respectively. Muscle forces were estimated using static opti-
mization, minimizing the sum of squared muscle activations, which is one of the most
common ways to calculate muscle forces in OpenSim [2,4,31]. Afterwards, JCF were estimated
using OpenSim’s joint reaction analysis [3]. Muscle forces acting on the femur and hip JCF
were then used as input for the mechanobiological growth simulations.
Finite element (FE) model
Fig 1 provides an overview of the FE workflow. MRI images were collected (FE1) and seg-
mented in Mimics (FE2) (Materialise, Leuven, Belgium). From the segmented surface mesh,
ANSA (BETA CAE Systems, Root Switzerland) was used to create a hexahedral mesh of the
femur with 22,560 elements, including rows of elements representing the growth plate (FE3).
The mesh was exported as an Abaqus (Simulia, UK) input file (FE4). This file was imported to
Mimics (Materialise, Leuven, Belgium) to define material properties based on the masks cre-
ated during the segmentation. Material properties (Fig 2) were chosen to be elastic, isotropic
and homogenous, similar to previous studies [15,17]. Seven rows of elements were used to
model the growth plate and ten rows of elements above and below the growth plate formed a
transition zone with a linearly decreasing elastic modulus from the trabecular bone to the
growth plate to represent the mineralizing bone tissue. The final FE model of the femur can be
downloaded from https://simtk.org/projects/normal-load.
Finally, the FE model from the MRI images was morphed to match the geometry of the
musculoskeletal models (FE7), therefore ensuring consistency between the musculoskeletal
Fig 1. Overview of the workflow to create the finite element model and perform mechanobiological growth
simulations. NSA = neck-shaft angle; AVA = anteversion angle; TD = typically developing. Red boxes indicate the
input data, i.e., collected motion capture data and magnetic resonance images (MRI). Each step of this workflow is
described in detail in the method section of the manuscript.
https://doi.org/10.1371/journal.pone.0235966.g001
PLOS ONE Impact of femoral geometry on hip joint contact forces and femoral bone growth simulations
PLOS ONE | https://doi.org/10.1371/journal.pone.0235966 July 23, 2020 4 / 18
and FE models. To this end, the reference geometry from the SIMM model was converted to
a surface mesh (FE5) (stereolithography (STL) file). This surface mesh was modified with a
customized Matlab script to match the user-defined NSA and AVA of the musculoskeletal
models described above (FE6). This step was needed because SIMM does not create altered
geometry files for the modified models (Table 1). Morphing (Fig 3) was done within Python
using an open-source package [32]. First, the surface points from the FE model were
extracted, and a surface STL mesh created. The surface points from the FE model (source)
were then morphed to match the morphed reference geometry STL (target). This was done in
two steps. First, a rigid registration was utilised to ensure the target and source were crudely
aligned. Second, a host-mesh fitting protocol was implemented to non-rigidly morph the
source points to the target points, resulting in a highly accurate fit between the two models.
The transformation applied during both, registration and host-mesh fitting, were applied to a
set of internal passive points from the FE model. Following morphing, the morphed surface,
and morphed passive points were re-assembled into a FE model containing both the surface
and internal points representing the morphed geometries. For all morphing of the FE bone
to the desired SIMM bone model geometry, average root mean squared differences across the
entire surface of the femur was below 3 mm (mean ± standard deviation 2.1 ± 0.6 mm). Fur-
thermore, visual inspection and comparison of the FE bone model and surface mesh of the
bone model showed correspondence in geometry, and most importantly NSA and AVA
angle, which was crucial for our investigation (S1 Fig in S1 File). In some models, the morph-
ing led to elements with a negative volume. This, however, was only the case for a maximum
of two elements per model (0.009% of all elements), which were distal to the growth plate
(see S2 Fig in S1 File in the electronic appendix). Hence, if negative elements were present,
we removed these elements from the FE model to enable successful simulations. This had no
impact on the growth simulations.
Fig 2. Material properties of the FE model. E = modulus of elasticity.
https://doi.org/10.1371/journal.pone.0235966.g002
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Mechanobiological growth simulations
All FE analysis were performed in Abaqus (2017, Simulia, UK). A combination of Python and
Matlab scripts were used for implementing the mechanobiological growth workflow. During
the FE analysis, femoral condyles positions were fixed in all models. Using hip JCF waveforms
from the musculoskeletal simulations, nine sequential load instances were defined similar to
Yadav et al. [17] (Fig 4). Each muscle force was applied as a concentrated force at the node
closest to the point of insertion projected on the FE model. The muscle attachment and muscle
lines of action were obtained from a previously developed OpenSim plugin [33]. Hip JCFs
were distributed over a ~30 mm2 area nearest the hip JCF’s line of action [15,17].
Femoral growth rate and direction computation was based on a previously developed work-
flow [15], which assumed that cyclic octahedral shear stress promotes but cyclic hydrostatic
compressive stress inhibits growth [34]. Growth rate ( _ε) was calculated as the sum of a biologi-
cal ( _εb) and a mechanical component ( _εm):
_ε ¼ _εb þ _εm ð1Þ
Biological growth rate caused by intrinsic genetic and hormonal regulations was assumed
to be constant. Hence, the growth potential was only determined by the mechanical compo-
nent, defined by the osteogenic index (OI):
_εm � OI ¼ a �maxsSi þ b �minsHi i ¼ 1 . . . 9 ð2Þ
where i indicated the 9 load instances. σS and σH were the octahedral shear stress and hydro-
static compressive stress, respectively. σS and σH were calculated for the distal layer of the prox-
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maxσSi and minσHi in Eq 2 referred to the maximum σS and minimum σH obtained from all
nine load instances, indicated with i. a and b are constants and determine the relative influence
of the octahedral shear and hydrostatic stress. A ratio b/a of 0.5 was chosen based on the avail-
able data from the literature [35–37] and consistent with previous studies [15,16].
Fig 3. Schematic illustration of the morphing procedure. First, a surface STL mesh was created from the FE model.
Afterwards, a rigid registration was utilised to ensure the target (surface of desired femur model) and source (surface of
FE model) were crudely aligned. Finally, a host-mesh fitting protocol was implemented to morph the source points to
the target points.
https://doi.org/10.1371/journal.pone.0235966.g003
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Two methods to define the growth direction were proposed in the past. Carriero et al. [15]
modelled femoral growth in the direction of the average deformation of the neck, whereas
Yadav et al. [16] proposed to model femoral growth in the maximum principal stress direction.
Based on a pilot study in which we compared both approaches using simplified load scenarios
(see S1 File), proximal femoral growth was modelled in the direction of the average deforma-
tion of the neck. Hence, in the same way as in previous studies [15,16], we calculated the









Growth direction was defined by the unit vector cGDFND: GD
�!
FND was the vector connecting
the base of the femoral neck (NB) with the centre of the femoral head (HC) during the average
deflection caused by the nine load instances.
GD
�!
FND ¼ ½xdHC   xdNB ; ydHC   ydNB ; zdHC   zdNB� ð6Þ















Fig 4. Left: Resultant hip joint contact force (JCF), in which the nine load instances (red dots) used for the FE analysis
are highlighted. BW = body weight. Right: FE model with a schematic illustration of the applied loads. Additionally to
the hip JCF (red arrows), the following muscle forces (orange arrows) were considered during the FE analysis: gluteus
maximus, medius and minimus; adductor longus, brevis and magnus; pectineus; iliacus; psoas; quadratus femoris;
gemellus; piriformis; biceps femoris; vastus medius, lateralis and intermedius; and the medial and lateral
gastrocnemius.
https://doi.org/10.1371/journal.pone.0235966.g004
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[xHC, yHC, zHC] and [xNB, yNB, zNB] were the original coordinates of HC and NB. [dHCx,
dHCy, dHCz] and [dNBx, dNBy, dNBz] were the deflections of HC and NB. A coordinate system for
each element of the growth region was defined based on cGDFND. In a second FE analysis, ortho-
normal thermal expansion was used to simulate bone growth. The coefficient of thermal
expansion was defined as one in x-direction (cGDFND direction) and zero in the remaining two
directions. The specific growth rate for each element (Eq 1) was applied as temperature loads.
Afterwards, nodal coordinates of the whole femur were updated.
½nGxi nGyi nGzi � ¼ ½nxi nyi nzi � þ ½dxi dyi dzi � � 10 i ¼ 1 . . . 25; 143 ð9Þ
½nxi nyi nzi � were the original nodal coordinates, ½dxi dyi dzi � were the displacement caused
by the growth simulation, ½nGxi nGyi nGzi � were the updated nodal coordinates after the growth
simulations, and i indicated the nodes. To see a clear impact of the different geometries on the
growth simulations without the need to model femoral growth over several layers of the
growth plate, we multiplied the observed displacement by a constant factor of 10.
Data analysis
Root-mean-square-differences (RMSD) were used to compare hip JCF waveforms between the
reference model and the musculoskeletal models with systematically altered NSA and AVA.
For the mechanobiological growth simulations, changes in femoral NSA and AVA between
the original and ‘grown’ model were calculated using a customized Matlab code (described in
the electronic appendix) and compared between different models. Furthermore, we compared
the average orientation of the hip JCF and the growth direction vector in reference to the fem-
oral neck axis between the different models (Fig 5).
Results
Our participant walked with an average walking velocity of 1.4 m/s. Lower limb joint kinemat-
ics (Fig 6) were comparable to previous investigations [38].
Hip JCF
Hip JCF (Figs 7 and 8) were comparable to previous studies [19,39,40]. Compared to the
generic geometry (NSA-120-AVA-20), increasing the AVA and NSA increased hip JCF.
RMSD between the reference model and the models with altered AVA were 0.05 body weight
(BW), 0.10 BW and 0.17 BW for the models with 30˚, 40˚ and 50˚ of AVA, respectively.
RMSD between the reference model and the models with altered NSA were 0.02 BW, 0.05 BW
and 0.10 BW for the models with 130˚, 140˚ and 150˚ of NSA, respectively. Increasing the
NSA primarily increased the first peak of the hip JCF, whereas increasing the AVA increased
both peaks of the hip JCF and had a larger impact on average hip JCF.
The orientation of the hip JCF changed with the altered geometry. Increasing NSA changed
the orientation of the hip JCF to a more vertical direction, whereas increasing AVA led to a
more posterior direction (Fig 9). Interestingly, the relative angle between the hip JCF and fem-
oral neck axis only slightly changed (Fig 12).
PLOS ONE Impact of femoral geometry on hip joint contact forces and femoral bone growth simulations
PLOS ONE | https://doi.org/10.1371/journal.pone.0235966 July 23, 2020 8 / 18
Proximal femoral growth simulations
The osteogenic index was similar between all analysed models (Fig 10). Comparable to previ-
ous studies in typically developing children, the osteogenic index was higher in the lateral and
posterior regions [15,17].
Growth direction changed with the altered geometry. Increasing the AVA led to a more
anterior orientated femoral growth, whereas increasing the NSA led to a more superior ori-
ented growth direction (Fig 11). The relative angle between the growth direction vector and
femoral neck axis decreased with increasing AVA and NSA with maximum differences in the
sagittal, transverse and frontal plane of 12˚, 14˚ and 24˚ for altered AVA and 18˚, 31˚ and 19˚
for altered NSA (Fig 12).
In all analysed models, NSA and AVA decreased due to the growth simulations (Fig 13), in
agreement with the expected changes of the femoral geometry in growing children [7,27].
Increasing the AVA in our models from 20˚ to 50˚ decreased changes in NSA from -0.84˚ to
-0.23˚ and increased changes in AVA from -0.38˚ to -0.62˚. Increasing the NSA in our models
Fig 5. Schematic illustration of the angle between the hip joint contact force (JCF) and femoral neck axis (α) and
the angle between the growth direction (GD) vector and the femoral neck axis (β). These angles were analysed to
get a better understanding about the impact of the femoral geometry on hip JCF and growth simulations.
https://doi.org/10.1371/journal.pone.0235966.g005
Fig 6. Hip, knee and ankle joint kinematics from our participant TD01.
https://doi.org/10.1371/journal.pone.0235966.g006
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Fig 7. Hip joint contact forces (JCF): Resultant and for each anatomical direction. BW = body weight. The first row shows the impact of different neck-
shaft angle (NSA) on hip JCF (dashed waveforms). The second row shows the impact of different anteversion angles (AVA) on hip JCF (solid waveforms).
https://doi.org/10.1371/journal.pone.0235966.g007
Fig 8. Mean resultant hip joint contact forces from previous studies (red from [39], black from [19], and blue from [40]) compared to our
results (grey shaded area).
https://doi.org/10.1371/journal.pone.0235966.g008
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from 120˚ to 150˚ increased changes in AVA from -0.38˚ to -1.45˚ but only had a small impact
on changes in NSA (slightly increased change from -0.84˚ to -0.93˚).
Discussion
The aim of this study was to investigate the impact of systematic variations in femoral geome-
try on hip JCF and proximal femoral growth. Our findings showed that hip JCF magnitude
and orientation change with altered femoral NSA and AVA. Interestingly, the hip JCF orienta-
tion followed the femoral neck axis, e.g. a more anterior oriented neck axis led to a more poste-
rior oriented hip JCF, which resulted in a relative constant angle between the neck axis and hip
JCF. Growth simulations showed that femoral geometry influences the prediction of proximal
femoral growth, although the osteogenic index, indicative of the overall growth rate, showed
only minimal changes with altered NSA and AVA. Hence, the altered growth directions, due
Fig 9. Hip joint contact forces (JCF, solid lines) and femoral neck (FN, dashed lines) orientation for each
anatomical plane expressed in the femoral segment coordinate system from the musculoskeletal OpenSim model.
For the hip JCF, the average orientation from all nine considered load instances (Fig 4) are visualized. First row shows
the orientations for models with increasing anteversion angle (AVA). Second row shows the orientations for models
with increasing neck-shaft angle (NSA). The hip JCF generally aligned with the orientation of the FN.
https://doi.org/10.1371/journal.pone.0235966.g009
Fig 10. Osteogenic index distribution from the models with different femoral geometries. First row: altered anteversion angle
(AVA). Second row: altered neck-shaft angle (NSA). The reference model is highlighted with the red, dashed box.
https://doi.org/10.1371/journal.pone.0235966.g010
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Fig 11. Growth direction (GD, solid lines) and femoral neck (FN, dashed lines) orientation for each anatomical
plane expressed in the femoral segment coordinate system from the musculoskeletal OpenSim model. First row
shows the orientations for models with increasing anteversion angle (AVA). Second row shows the orientations for
models with increasing neck-shaft angle (NSA).
https://doi.org/10.1371/journal.pone.0235966.g011
Fig 12. Summary of angles from Figs 9 and 11. First row: Relative angle between the hip joint contact force (HJCF) and femoral neck axis (FN)
for the models with increasing anteversion angle (A) and increasing neck-shaft angle (B). Second row: Relative angle between the growth
direction vector (GDV) and femoral neck axis (FN) for the models with increasing anteversion angle (C) and increasing neck-shaft angle (D).
https://doi.org/10.1371/journal.pone.0235966.g012
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to changes in the average deformation direction under the different load cases, was the pri-
mary cause of the observed changes in femoral growth predictions.
Hip JCF of our participant were directed inferior, lateral and posterior, which was in agree-
ment with previous studies [41,42]. The magnitude of hip JCF (maximum of 4.9 BW for the
reference model with a NSA of 120˚ and AVA of 20˚) was higher than observed in instru-
mented hip implants of elderly people (maximum of 2.9 BW) [41] but in agreement with a pre-
vious modelling study of children (mean ± standard deviation of peak hip JCF of 4.0 ± 0.9
BW) [39]. Differences in leg lengths and consequently step lengths and/or cadence between
children and elderly people may explain the increased hip JCF in children compared to elderly
people.
Changes in hip JCF due to the altered geometry were in agreement with our hypothesis
(increased NSA and AVA lead to increased hip JCF) and with previous investigations. Pass-
more et al. [19] calculated hip JCF in patients with increased femoral AVA and compared their
results with a model with unchanged AVA. The authors found that increased AVA increases
both peaks of the hip JCF, which agrees with our findings. Furthermore, we showed that, com-
pared to increasing the AVA, increasing the NSA only slightly increases the anterior-posterior
and vertical component of the hip JCF, which is in agreement with a study from Lenaerts et al.
[20]. To the best of the authors’ knowledge, however, this is the first study, which showed that
Fig 13. Results from the femoral growth simulations, i.e. changes in neck-shaft angle (NSA) and anteversion angle (AVA), based on the different
musculoskeletal and FE models.
https://doi.org/10.1371/journal.pone.0235966.g013
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the orientation of the hip JCF follows the proximal femoral geometry, i.e. orientation of the
femoral neck axis.
Previous studies only compared the osteogenic index between different participants with
different walking patterns and/or femoral geometries [15,17]. Hence, from these studies it was
not possible to conclude if different NSA and AVA influence the osteogenic index. Our growth
simulations showed that the osteogenic index barely changes with altered NSA and AVA. This
is likely due to the observed fact that the orientation of the hip JCF in reference to the femoral
neck axis, and therefore also in reference to the growth plate, remains relatively constant (Figs
9 and 12), leading to similar principal stresses in the elements of the growth plate.
The predicted growth direction changed with increased NSA and AVA and, therefore, led
to different femoral growth prediction between our analysed models. Altering the femoral
geometry changed the hip JCF orientation and therefore the hip JCF’s lever-arm relative to the
constraints of the FE model (femoral condyles). These altered loading condition had an impact
on the deformation of the model. Hence, although the stresses at the growth plate did not
change a lot, the altered geometry and loading conditions changed the deflection of the femo-
ral neck and therefore had an impact on the calculation of the growth direction.
A core principle in mechanobiology is that altered loading conditions (e.g. altered hip JCF)
modulate skeletal growth [43]. In the models with increasing NSA the angle between the hip
JCF and femoral neck axis decreased in the transverse plane (Fig 12B), leading to a more poste-
rior oriented hip JCF. Based on the presumed mechanobiological response, posterior oriented
hip JCF should lead to decreased AVA, which was confirmed by our growth simulations (Fig
13). Contrary, in the models with increasing AVA the angle between the hip JCF and femoral
neck axis increased in the transverse plane (Fig 12A), leading to a more lateral oriented hip
JCF. Lateral oriented forces counteract a decrease in NSA and, therefore, we would expect a
reduction in changes of the NSA, which was also confirmed by our growth simulations (NSA
decreased less in the models with increasing AVA, Fig 13). Hence, it seems that our growth
simulations agree with presumed mechanobiological responses and predict the expected
changes based on altered loading conditions.
We modelled bone growth in the direction of the average deformation of the femoral neck
and found decreasing NSA and AVA in all our models. This is in agreement with the expected
changes of the femoral geometry in growing children [7,27] but contrary to the modelling
study from Carriero et al. [15] and Yadav et al. [16]. Carriero et al. [15] found a decrease in
NSA but an increase in AVA in a typically developing child. Their model was created without
the use of medical images and, therefore, included a very simplified geometry based on the
shape of an adult femur. These simplifications might be the reasons for the different growth
results between Carriero et al. [15] and our study. Yadav et al. [16] used a medical imaging-
based FE model and found decreasing NSA and increasing AVA when modelling femoral
growth in the direction of the average neck deformation. Differences in femoral geometry,
growth plate shape and location, and hip JCF between Yadav et al. [16] and our study are likely
the reason for the observed differences in the prediction of femoral growth.
In this study the hip JCF were only calculated for one typically developing child. In children
with pathological walking patterns, e.g. crouch gait, increasing the NSA and AVA might influ-
ence hip JCF in a different way. Furthermore, evaluating if extreme NSA and AVA alter gait
kinematics and therefore the hip JCF in typically developing children was above the scope of
this study and should be investigate in the future. We based our FE models on MRI of one
child and morphed this model to adjust NSA and AVA. Hence, we did not account for varia-
tions of the internal structure of the femur (e.g. shape or orientation of the growth plate),
which might have influenced the osteogenic index and femoral growth predictions. However,
we assume that the impact of altered NSA and AVA on femoral growth predictions would
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follow a similar trend in FE models based on different participants. We used linear elastic, iso-
tropic, and homogeneous material properties, which greatly simplifies poro-viscoelastic inho-
mogeneous anisotropic properties of both bone and cartilage. However, with short loading
durations and macroscopic (whole organ) viewpoint, these simplifications are adequate for
studying the mechanobiology of cartilage based on physiological loads [44,45]. Furthermore,
the chosen number of load scenarios, the chosen growth direction and chosen constant param-
eters in the growth algorithm ( _εb; a; b) might have influenced our findings. We, however,
were mainly interested in the relative behaviour of the models, rather than the exact magni-
tudes and, therefore, these modelling assumptions seemed to be adequate for the purpose of
our study. Nevertheless, it would be worthwhile to investigate the impact of different and alter-
native parameters (e.g. strain-based measures) on simulation results in future studies. We only
modelled femoral growth at the proximal growth plate and did not consider growth at distal
epiphysis, greater trochanter and lesser trochanter, nor did we model periosteal ossification
(growth in width). This simplification was adequate for the purpose of this study but might
not be valid for an accurate prediction of femoral growth of an individual. Future research
based on medical images collected from children on two occasions (e.g. 2 years apart) is
needed to access the accuracy of the growth simulation workflow and validate some of the
modelling assumptions.
Conclusion
Our findings indicated that hip JCF increase with increasing NSA and AVA when the kine-
matics are maintained. Furthermore, the orientation of the hip JCF followed the orientation of
the femoral neck axis. Consequently, the osteogenic index barely changed with altered NSA
and AVA. Nevertheless, femoral growth predictions were sensitive to the femoral geometry
due to changes in the predicted growth directions. Altered NSA had a bigger impact on the
growth results than the altered AVA. Our findings enable to estimate the uncertainties associ-
ated with growth simulations based on generic FE models (e.g. NSA of 120˚ and AVA of 20˚),





Hans Kainz would like to thank Sanne Vancleef, Julie Vastmans and S. Mahsa Sadeghian for
the fruitful discussions related to the FE simulations during the early stage of this project.
Author Contributions
Conceptualization: Hans Kainz, Jose Manuel Garcia Aznar, Sandra Shefelbine, Ilse Jonkers.
Data curation: Hans Kainz.
Formal analysis: Hans Kainz.
Funding acquisition: Hans Kainz.
Methodology: Hans Kainz, Bryce Adrian Killen, Mariska Wesseling, Fernando Perez-Boer-
ema, Lorenzo Pitto.
Project administration: Hans Kainz.
PLOS ONE Impact of femoral geometry on hip joint contact forces and femoral bone growth simulations
PLOS ONE | https://doi.org/10.1371/journal.pone.0235966 July 23, 2020 15 / 18
Supervision: Jose Manuel Garcia Aznar, Sandra Shefelbine, Ilse Jonkers.
Writing – original draft: Hans Kainz.
Writing – review & editing: Hans Kainz, Bryce Adrian Killen, Mariska Wesseling, Fernando
Perez-Boerema, Lorenzo Pitto, Jose Manuel Garcia Aznar, Sandra Shefelbine, Ilse Jonkers.
References
1. Fox AS, Carty CP, Modenese L, Barber LA, Lichtwark GA. Simulating the effect of muscle weakness
and contracture on neuromuscular control of normal gait in children. Gait Posture. 2018; 61: 169–175.
https://doi.org/10.1016/j.gaitpost.2018.01.010 PMID: 29353741
2. Kainz H, Hoang H, Pitto L, Wesseling M, Van Rossom S, Van Campenhout A, et al. Selective dorsal rhi-
zotomy improves muscle forces during walking in children with spastic cerebral palsy. Clin Biomech
(Bristol, Avon). 2019; 65: 26–33. https://doi.org/10.1016/j.clinbiomech.2019.03.014 PMID: 30953917
3. Steele KM, DeMers MS, Schwartz MH, Delp SL. Compressive tibiofemoral force during crouch gait.
Gait Posture. 2012; 35: 556–560. https://doi.org/10.1016/j.gaitpost.2011.11.023 PMID: 22206783
4. Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, et al. OpenSim: Open-Source Software
to Create and Analyze Dynamic Simulations of Movement. IEEE Trans Biomed Eng. 2007; 54: 1940–
1950. https://doi.org/10.1109/TBME.2007.901024 PMID: 18018689
5. Damsgaard M, Rasmussen J, Christensen ST, Surma E, de Zee M. Analysis of musculoskeletal sys-
tems in the AnyBody Modeling System. Simul Model Pract Theory. 2006; 14: 1100–1111. https://doi.
org/10.1016/J.SIMPAT.2006.09.001
6. Carbone V, Fluit R, Pellikaan P, van der Krogt MM, Janssen D, Damsgaard M, et al. TLEM 2.0 –A com-
prehensive musculoskeletal geometry dataset for subject-specific modeling of lower extremity. J Bio-
mech. 2015; 48: 734–741. https://doi.org/10.1016/j.jbiomech.2014.12.034
7. Bobroff ED, Chambers HG, Sartoris DJ, Wyatt MP, Sutherland DH. Femoral anteversion and neck-
shaft angle in children with cerebral palsy. Clin Orthop Relat Res. 1999; 194–204. Available: http://
www.ncbi.nlm.nih.gov/pubmed/10416409
8. Valente G, Crimi G, Vanella N, Schileo E, Taddei F. nmsBuilder: Freeware to create subject-specific
musculoskeletal models for OpenSim. Comput Methods Programs Biomed. 2017; 152: 85–92. https://
doi.org/10.1016/j.cmpb.2017.09.012 PMID: 29054263
9. Taddei F, Martelli S, Valente G, Leardini A, Benedetti MG, Manfrini M, et al. Femoral loads during gait in
a patient with massive skeletal reconstruction. Clin Biomech. 2012; 27: 273–280. https://doi.org/10.
1016/J.CLINBIOMECH.2011.09.006 PMID: 22015265
10. Kainz H, Modenese L, Lloyd DG, Maine S, Walsh HPJ, Carty CP. Joint kinematic calculation based on
clinical direct kinematic versus inverse kinematic gait models. J Biomech. 2016; 49: 1658–1669. https://
doi.org/10.1016/j.jbiomech.2016.03.052 PMID: 27139005
11. Scheys L, Desloovere K, Spaepen A, Suetens P, Jonkers I. Calculating gait kinematics using MR-
based kinematic models. Gait Posture. 2011; 33: 158–164. https://doi.org/10.1016/j.gaitpost.2010.11.
003 PMID: 21247765
12. Scheys L, Van Campenhout A, Spaepen A, Suetens P, Jonkers I. Personalized MR-based musculo-
skeletal models compared to rescaled generic models in the presence of increased femoral antever-
sion: Effect on hip moment arm lengths. Gait Posture. 2008; 28: 358–365. https://doi.org/10.1016/j.
gaitpost.2008.05.002 PMID: 18571416
13. Correa TA, Baker R, Kerr Graham H, Pandy MG. Accuracy of generic musculoskeletal models in pre-
dicting the functional roles of muscles in human gait. J Biomech. 2011; 44: 2096–2105. https://doi.org/
10.1016/j.jbiomech.2011.05.023 PMID: 21703627
14. Bosmans L, Wesseling M, Desloovere K, Molenaers G, Scheys L, Jonkers I. Hip contact force in pres-
ence of aberrant bone geometry during normal and pathological gait. J Orthop Res. 2014; 32: 1406–
1415. https://doi.org/10.1002/jor.22698 PMID: 25087777
15. Carriero A, Jonkers I, Shefelbine SJ. Mechanobiological prediction of proximal femoral deformities in
children with cerebral palsy. Comput Methods Biomech Biomed Engin. 2011; 14: 253–262. https://doi.
org/10.1080/10255841003682505 PMID: 20229379
16. Yadav P, Shefelbine SJ, Gutierrez-Farewik EM. Effect of growth plate geometry and growth direction
on prediction of proximal femoral morphology. J Biomech. 2016; 49: 1613–1619. https://doi.org/10.
1016/j.jbiomech.2016.03.039 PMID: 27063249
PLOS ONE Impact of femoral geometry on hip joint contact forces and femoral bone growth simulations
PLOS ONE | https://doi.org/10.1371/journal.pone.0235966 July 23, 2020 16 / 18
17. Yadav P, Shefelbine SJ, Pontén E, Gutierrez-Farewik EM. Influence of muscle groups’ activation on
proximal femoral growth tendency. Biomech Model Mechanobiol. 2017; 16: 1869–1883. https://doi.org/
10.1007/s10237-017-0925-3
18. Carriero A. Modelling gait abnormalities and bone deformities in children with cerebel palsy. Imperial
College London. 2009. https://doi.org/10.25560/4649
19. Passmore E, Graham HK, Pandy MG, Sangeux M. Hip- and patellofemoral-joint loading during gait are
increased in children with idiopathic torsional deformities. Gait Posture. 2018; 63: 228–235. https://doi.
org/10.1016/j.gaitpost.2018.05.003 PMID: 29775910
20. Lenaerts G, De Groote F, Demeulenaere B, Mulier M, Van der Perre G, Spaepen A, et al. Subject-spe-
cific hip geometry affects predicted hip joint contact forces during gait. J Biomech. 2008; 41: 1243–
1252. https://doi.org/10.1016/j.jbiomech.2008.01.014 PMID: 18346745
21. Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of lower extremity kinematics during level
walking. J Orthop Res. 1990; 8: 383–392. https://doi.org/10.1002/jor.1100080310 PMID: 2324857
22. Delp SL, Loan JP, Hoy MG, Zajac FE, Topp EL, Rosen JM. An interactive graphics-based model of the
lower extremity to study orthopaedic surgical procedures. IEEE Trans Biomed Eng. 1990; 37: 757–767.
https://doi.org/10.1109/10.102791 PMID: 2210784
23. Kainz H, Hoang HX, Stockton C, Boyd RR, Lloyd DG, Carty CP. Accuracy and Reliability of Marker-
Based Approaches to Scale the Pelvis, Thigh, and Shank Segments in Musculoskeletal Models. J Appl
Biomech. 2017; 33: 354–360. https://doi.org/10.1123/jab.2016-0282 PMID: 28290736
24. Arnold AS, Blemker SS, Delp SL. Evaluation of a Deformable Musculoskeletal Model for Estimating
Muscle–Tendon Lengths During Crouch Gait. Ann Biomed Eng. 2001; 29: 263–274. https://doi.org/10.
1114/1.1355277
25. Arnold AS, Delp SL. Rotational moment arms of the medial hamstrings and adductors vary with femoral
geometry and limb position: Implications for the treatment of internally rotated gait. J Biomech. 2001;
34: 437–447. https://doi.org/10.1016/s0021-9290(00)00232-3 PMID: 11266666
26. Jenkins SEM, Harrington ME, Zavatsky AB, O’Connor JJ, Theologis TN. Femoral muscle attachment
locations in children and adults, and their prediction from clinical measurement. Gait Posture. 2003; 18:
13–22. https://doi.org/10.1016/s0966-6362(02)00137-6 PMID: 12855296
27. Isaac B, Vettivel S, Prasad R, Jeyaseelan L, Chandi G. Prediction of the femoral neck-shaft angle from
the length of the femoral neck. Clin Anat. 1997; 10: 318–323. https://doi.org/10.1002/(SICI)1098-2353
(1997)10:5<318::AID-CA5>3.0.CO;2-M PMID: 9283729
28. van der Krogt MM, Bar-On L, Kindt T, Desloovere K, Harlaar J. Neuro-musculoskeletal simulation of
instrumented contracture and spasticity assessment in children with cerebral palsy. J Neuroeng Reha-
bil. 2016; 13: 64. https://doi.org/10.1186/s12984-016-0170-5 PMID: 27423898
29. Kainz H, Goudriaan M, Falisse A, Huenaerts C, Desloovere K, De Groote F, et al. The influence of maxi-
mum isometric muscle force scaling on estimated muscle forces from musculoskeletal models of chil-
dren with cerebral palsy. Gait Posture. 2018; 65: 213–220. https://doi.org/10.1016/j.gaitpost.2018.07.
172 PMID: 30558934
30. De Groote F, De Laet T, Jonkers I, De Schutter J. Kalman smoothing improves the estimation of joint
kinematics and kinetics in marker-based human gait analysis. J Biomech. 2008; 41: 3390–8. https://doi.
org/10.1016/j.jbiomech.2008.09.035 PMID: 19026414
31. Wesseling M, De Groote F, Meyer C, Corten K, Simon J-P, Desloovere K, et al. Subject-specific muscu-
loskeletal modelling in patients before and after total hip arthroplasty. Comput Methods Biomech
Biomed Engin. 2016; 19: 1683–1691. https://doi.org/10.1080/10255842.2016.1181174 PMID:
27123960
32. Zhang J, Hislop-Jambrich J, Besier TF. Predictive statistical models of baseline variations in 3-D femo-
ral cortex morphology. Med Eng Phys. 2016; 38: 450–7.
33. van Arkel RJ, Modenese L, Phillips ATM, Jeffers JRT. Hip abduction can prevent posterior edge loading
of hip replacements. J Orthop Res. 2013; 31: 1172–9. https://doi.org/10.1002/jor.22364 PMID:
23575923
34. Carter DR, Orr TE, Fyhrie DP, Schurman DJ. Influences of mechanical stress on prenatal and postnatal
skeletal development. Clin Orthop Relat Res. 1987; No. 219: 237–250. https://doi.org/10.1097/
00003086-198706000-00034
35. Shefelbine SJ, Carter DR. Mechanobiological predictions of growth front morphology in developmental
hip dysplasia. J Orthop Res. 2004; 22: 346–352. https://doi.org/10.1016/j.orthres.2003.08.004 PMID:
15013095
36. Germiller JA, Goldstein SA. Structure and function of embryonic growth plate in the absence of function-
ing skeletal muscle. J Orthop Res. 1997; 15: 362–370. https://doi.org/10.1002/jor.1100150308 PMID:
9246082
PLOS ONE Impact of femoral geometry on hip joint contact forces and femoral bone growth simulations
PLOS ONE | https://doi.org/10.1371/journal.pone.0235966 July 23, 2020 17 / 18
37. Hall BK, Herring SW. Paralysis and growth of the musculoskeletal system in the embryonic chick. J Mor-
phol. 1990; 206: 45–56. https://doi.org/10.1002/jmor.1052060105 PMID: 2246789
38. Schwartz MH, Rozumalski A, Trost JP. The effect of walking speed on the gait of typically developing
children. J Biomech. 2008; 41: 1639–1650. https://doi.org/10.1016/j.jbiomech.2008.03.015 PMID:
18466909
39. Modenese L, Montefiori E, Wang A, Wesarg S, Viceconti M, MazzàC. Investigation of the dependence
of joint contact forces on musculotendon parameters using a codified workflow for image-based model-
ling. J Biomech. 2018; 73: 108–118. https://doi.org/10.1016/j.jbiomech.2018.03.039 PMID: 29673935
40. Valente G, Taddei F, Jonkers I. Influence of weak hip abductor muscles on joint contact forces during
normal walking: Probabilistic modeling analysis. J Biomech. 2013; 46: 2186–2193. https://doi.org/10.
1016/j.jbiomech.2013.06.030 PMID: 23891175
41. Bergmann G, Deuretzbacher G, Heller M, Graichen F, Rohlmann A, Strauss J, et al. Hip contact forces
and gait patterns from routine activities. Journal of Biomechanics. 2001. pp. 859–871. https://doi.org/
10.1016/s0021-9290(01)00040-9 PMID: 11410170
42. Carriero A, Zavatsky A, Stebbins J, Theologis T, Lenaerts G, Jonkers I, et al. Influence of altered gait
patterns on the hip joint contact forces. Comput Methods Biomech Biomed Engin. 2014; 17: 352–359.
https://doi.org/10.1080/10255842.2012.683575 PMID: 22587414
43. Van der Meulen MCH, Huiskes R. Why mechanobiology? A survey article. Journal of Biomechanics.
2002. pp. 401–414. https://doi.org/10.1016/s0021-9290(01)00184-1 PMID: 11934410
44. Carter DR, Wong M. Modelling cartilage mechanobiology. van Leeuwen J, Aerts P, editors. Philos
Trans R Soc London Ser B Biol Sci. 2003; 358: 1461–1471. https://doi.org/10.1098/rstb.2003.1346
PMID: 14561337
45. Shefelbine SJ. Mechanical regulation of bone growth fronts and growth plates. Stanford University.
2002. https://search-proquest-com.uaccess.univie.ac.at/docview/305537638?pq-origsite=primo
PLOS ONE Impact of femoral geometry on hip joint contact forces and femoral bone growth simulations
PLOS ONE | https://doi.org/10.1371/journal.pone.0235966 July 23, 2020 18 / 18
